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holograms.  A  computer  controlled  recording  system  was  built  to  fabricate  these 
elements.  A  number  of  space-variant  image  operations  not  possible  with  conven¬ 
tional  optics  were  demonstrated  using  multi-facet  holograms. 
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Abstract 


-'The  results  of  a  three  year  optics  research  program  are  described.  Research 
was  Initially  performed  on  wavelength  coded  Image  transmission.  The  goal  of  the 
program  was  to  study  various  methods  and  systems  for  encoding  object  Information 
In  a  wavelength  multiplexed  form  so  that  the  various  wavelengths  could  be 
transmitted  through  a  non-imaging  media  such  as  fog  or  a  fiber  optic  and  later 
spatially  repositioned  to  reassemble  an  Image  of  the  original  object.  Such  a 
system  could  be  used  to  transmit  Image  Information  at  higher  data  rates  and/or 
to  transmit  Images  through  fewer  optical  channels. 

During  the  second  year,  the  program  was  augmented  to  Include  research  on  a 
new  type  of  holographic  optical  element  called  a  multifacet  hologram.  Such 
holograms  consist  of  a  large  number  of  small,  adjacent  holograms  (facets)  which 
collectively  diffract  light  to  produce  a  desired  output.  These  elements  share 
some  of  the  flexibility  advantageous  to  Computer  Generated  Holograms  with  the 
high  optical  efficiency  Inherent  In  Interferometrlcally  recorded  volume 
holograms.  A  computer  controlled  recording  system  was  built  to  fabricate  these 
elements.  A  number  of  space-variant  Image  operations  not  possible  with  conven¬ 
tional  optics  were  demonstrated  using  multi-facet  holograms.  <<-  — - 

This  research  program  has  produced  16  publications  and  12  presentations  In 
addition  to  several  M.S.  and  Ph.D.  dissertations. 


1.  RESEARCH  OBJECTIVES  AND  RESULTS 

1.1  Introduction  to  Wavelength  Coded  Image  Transmission 

A  optical  fiber  represents  a  single  communication  channel  and  as  such  Is  not 
Ideally  suited  for  the  parallel  transmission  of  2-0  Image  Information.  Image 
Information  can  be  transmitted  through  optical  fibers  by  assembling  a  bundle  of 
parallel  fibers,  each  of  which  carries  one  pixel  of  Information,  as  In  an 
endoscope;  or  by  using  time  multiplexing  to  sequentially  send  pixel  information, 
much  as  a  television  camera  sequentially  sends  information  to  a  TV  monitor. 

In  this  research  program,  we  Investigated  ways  In  which  points  on  an  object 
could  be  Illuminated  with  different  wavelengths,  enacting  a  position  to  wave¬ 
length  encoding.  The  various  wavelengths  comprising  the  Image  can  then  propa¬ 
gate  through  a  media  which  would  not  normally  transmit  2-D  Images  such  as  a  fog 
or  an  optical  fiber.  Even  though  the  light  may  be  scattered  on  mixed  during 
propagation.  Its  wavelength  remains  unchanged  so  that  the  Integrity  of  the  Image 
Information  remains.  In  the  receiving  portion  of  the  system,  the  light  Is  spa¬ 
tially  rearranged  on  a  wavelength  basis  In  order  to  properly  reassemble  an  Image. 

Several  systems  were  built.  One  sent  coded  Image  Information  In  parallel 
through  a  fiber.  Such  a  system  could  potentially  achieve  very  high  data  rates. 
Another  system  (reported  at  a  National  Fiber  Optic  conference  In  New  Orleans) 
transmitted  spectral  Information  sequentially  but  required  only  a  few  fibers  and 
completely  passive  optics  at  Its  distal  end  to  transmit  2-D  images  at  TV  frame 
rates.  A  new  "white  laser"  was  developed  for  this  program. 

Technical  results  from  this  program  are  described  by  selected  reprints  In 


Section  1.3 


1.2  Multi  facet  Holographic  Optical  Elements 

Diffractive  optical  elements  are  known  to  be  desirable  alternatives  to  con¬ 
ventional  optical  elements  when  size  and  weight  are  concerned.  Holographic 
optical  elements  (HOEs)  are  often  characterized  as  being  computer  generated  or 
Interferometrlcally  recorded.  Traditionally,  computer  generated  holograms  offer 
the  greatest  flexibility  In  the  generation  of  arbitrary  wavefronts  but  suffer 
from  low  optical  efficiency.  Interferometric  HOEs  usually  have  reduced  flexibi¬ 
lity,  since  they  are  often  recorded  with  reasonably  simple  wavefronts  such  as 
spherical  or  plane  waves,  but  can  be  recorded  as  volume  holograms  which  exhibit 
nearly  100%  optical  efficiency.  Of  course,  many  qualifiers  must  be  added  to  the 
above  simplified  categorizations.  Nonetheless,  our  goal  In  this  program  was  to 
combine  some  of  the  flexibility  of  computer  generated  HOEs  with  the  high  optical 
efficiency  of  Interferometrlcally  recorded  HOEs.  To  accomplish  this,  we  have 
built  a  computer  controlled  hologram  recording  system  In  which  two  Argon  laser 
beams  are  used  to  expose  one  small  portion  of  a  dlchromated  gelatin  film  at  one 

time.  The  laser  yearns  can  be  Incident  on  the  film  at  arbitrarily  prescribed 

•* 

angles  (under  computer  control)  and  with  a  desired  focal  power.  In  this  manner, 
each  portion  (facet)  of  the  film  can  have  arbitrary  deflection  capabilities. 
Taken  collectively,  a  large  number  of  small  facets  can  be  used  to  perform 
complex,  space  variant  operations  with  high  optical  efficiency. 

A  number  of  optical  elements  have  been  demonstrated  using  this  technique. 
Their  functions  Include  elements  for:  coordinate  transformations,  custom  laser 
beam  shaping,  custom  object  Illumination,  laser  beam  scanners,  focusing  on 
curved  substrates,  and  Information  encrypting.  Elements  could  also  be  made  for 
optical  computing  and  optical  Interconnects. 

A  number  of  papers  and  presentations  have  resulted  from  research  In  this 
area.  Selected  reprints  are  contained  In  Section  1.4. 


July  1981  /  Vol.  8.  No.  7  /  OPTICS  LETTERS  911 


Wavelength  coding  for  image  transmission  through  aberrating 

media 

S.  K.  Cam 
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A  wavelength-coded  source  is  used  for  spectral  encoding  of  a  spatial  signal.  The  signal  is  passed  through  an  aber¬ 
rating  medium  and  then  a  spectral  decoding  filter.  A  high  signal -to.  noise  ratio  image  it  present  in  real  time  at  the 
system  output. 


Introduction 

The  problem  of  viewing  through  aberrating  media  (eg., 
fog)  is  important  and  has  been  the  subject  of  consider¬ 
able  research.1  Range  gating3-3  and  angle  scanning4  are 
opto-electronic  techniques  using  pulsed  sources  and 
detectors  that  only  “look”  for  the  image  signal  at  the 
appropriate  time  and/or  angle  in  order  to  reduce  the 
signal  contribution  from  scattered  light  Various  ho¬ 
lographic  techniques  have  also  been  used  to  compensate 
for  static  (spatially  and  temporally  invariant)  phase 
distortions  introduced  by  an  aberrating  medium.64 

Another  holographic  technique  is  useful  in  the  pres¬ 
ence  of  a  temporally  varying  dispersive  medium.*-11 
This  technique  discriminates  against  scattered  light  but 
requires  large  detector  dynamic  range  since  the  scat¬ 
tered  light  produces  a  large  bias  that  results  in  low  sig- 
nal-to-background  ratio.  Recent  developments  of  this 
technique  permit  real-time  readout,12  and  others  permit 
white-light  illumination  for  hologram  recording.13 

In  this  Letter,  we  show  another  technique  for  image 
transmission  through  aberrating  media.  Our  demon¬ 
stration  uses  simple,  passive  elements  and  produces 
high-contrast  images  in  real  time. 

Wavelength-Coded  Transmission 

Our  technique  uses  a  wavelength-coded  source  to  illu¬ 
minate  each  object-resolution  cell  (pixel)  with  a  dif¬ 
ferent  wavelength.  In  this  manner  spatial  information 
is  encoded  into  spectral  information.  Each  spectral 
wavelength  now  propagates  independently  (i.e.,  without 
conversion  to  another  wavelength— except  for  negligible 
Doppler  shifts)  through  the  aberrating  medium.  The 
medium  may  be  stationary  or  moving.  Decoding  at  the 
receiver  is  accomplished  by  passing  the  light  through 
a  spectrograph,  which  displays  the  proper  wavelengths 
at  the  proper  spatial  positions  so  that  the  image  is  cor¬ 
rectly  reassembled.  All  the  light  that  passes  through 
the  decoding  spectrograph  is  used  to  produce  the  de¬ 
sired  imagej  so  the  image  contrast  is  high. 

A  compact  experimental  setup  that  can  be  used  for 
one-dimensional  objects  is  shown  in  Fig.  1.  A  beam  of 
collimated  white  light  is  incident  upon  a  wedge  inter¬ 


ference  filter.  This  filter  is  such  that  at  a  given  position 
x  on  the  filter,  only  a  narrow  band  of  wavelengths  is 
transmitted.  The  center  wavelength  of  this  band 
changes  linearly  with  position  x.  Hence  each  resolution 
cell  along  the  x  axis  of  the  object  is  illuminated  with  a 
different  wavelength.  The  color-coded  signal  emerging 
from  the  object  transparency  propagates  between  the 
source  and  receiver.  The  lens  is  not  necessary  but  may 
be  used  to  increase  light  efficiency  or  permit  imaging 
scaling.  The  aberrating  medium  is  assumed  to  be  in  the 
transmission  path.  Decoding,  at  the  receiver,  is  ac¬ 
complished  by  passing  the  light  through  a  second  wedge 
interference  filter,  which  transmits  only  the  desired 
wavelengths  at  the  proper  spatial  positions.  In  this 
example,  if  light  of  the  wrong  wavelength  iB  incident  at 
a  particular  position  upon  the  decoding  filter,  it  is 
simply  reflected  away  and  does  not  contribute  to  image 
contrast  degradation. 

Analysis 

The  white-light  illumination  in  Fig.  1  is  assumed  to  have 
a  spectral-intensity  distribution  given  by  L(X).  After 
passing  through  the  encoding  filter,  the  illumination  is 
approximately  described  by 

fi(*iA)  “  L(X)5[X  —  (Xo  +  oxv)],  (1) 

where  we  have  used  a  Dirac  delta  function  and  Xo  is  the 
wavelength  transmitted  at  the  center  (x  i  *  0)  of  the 
filter.  After  passing  through  the  one-dimensional 
object  with  transmittance  0(xj),  the  signal  is 

/2(*i,X)  -  L(X)0(n)5{X  -  (Xo  +  ax,)].  (2) 


♦•i  ^  t*j 
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Fig.  1.  Optical  system. 
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The  system  impulse  response  h(xz^i)  describes  the 
propagation  from  the  input  to  output  planes.  More 
specifically,  it  describes  the  intensity  at  output  coor¬ 
dinate  xt  that  is  due  to  a  unit  intensity  line  source  at 
input  position  xi.  The  effects  of  the  diffusing  medium 
and  the  presence  of  any  lenses  will  be  accounted  for  in 
h.  If  the  diffuse  transmission  medium  has  detail  that 
is  small  compared  with  the  object  resolution  and  is 
reasonably  isotropic,  h  can  be  considered  approximately 
space  invariant,  so  that  the  impulse  response  depends 
only  on  the  difference  in  input  and  output  coordi¬ 
nates 

Mx&x i)  -  h(x 2  -  *i).  (3) 

The  intensity  just  before  the  decoding  filter  is  given 
by  the  superposition  integral14 

h(x 2,X)  -  fh(x 2  -  xi)L(X)0(xi) 

x6[X-(Xo  +  axi)]dxj.  (4) 
The  decoding  filter  has  transmittance 

T’(*2»X)  »  SfX  —  (Xo  +  bxj)],  (5) 

so  that  the  output  intensity  is 
/4<*a,X)  -  i[X  -  (Xo  +  bxa)l/s(x2,X)  (6a) 

-JMxs-xOKXWxi) 

X  5JX  «■  (Xo  +  6z])]ifX  ~  (Xo  +  oxj)]dxj 

(6b) 

«  JMx  2-xOL(X)0(x,) 

X  i  [xa  - 1 Xi]  « (X  -  (Xo  +  axi)]dxi.  (6c) 

As  an  illustration,  we  assume  that  the  input  consists 
of  a  narrow  transparent  slit  centered  at  xi  «  xo  in  an 
opaque  background,  that  the  source  has  uniform  spec¬ 
tral  irradiance  L(X)  -  1,  and  that  the  aberrating  medi¬ 
um  is  such  as  to  produce  a  band  of  output  light  of  width 
X  centered  at  xj«xi.  Neglecting  scaling  factors  pre¬ 
ceding  the  integral,  Eq.  (6c)  becomes14 

/«(x 2.X)  ■  J* rect  *(*i  “  *o) 

x5(x2-|x1)5[X-(X0  +  axi)]dxi  (7a) 

x  5[X  —  (Xo  +  oxo)]  (7b) 

(TXo-XoX 

b—) 

X  6  |x2  “  ^  xoj  5{X  —  (Xo  +  axo)]-  (7c) 

Equation  (7c)  indicates  that  the  output  image  consists 
of  a  narrow  slit  at  position  X2  ■  (a/b)x o,  with  wavelength 
X  ■  Xo  +  axo-  Because  we  have  assumed  the  coding  and 
decoding  niters  to  be  scaled  differently  (o  *  b),  for 


sufficiently  large  values  of  xo,  the  band  of  scattered  light 
at  the  output  will  not  be  wide  enough  for  light  of  wave¬ 
length  X  ■  Xo  +  ax0  to  reach  the  area  of  transmission  for 
that  wavelength  on  the  decoding  filter.  Thus,  for  a  > 
b,  the  rect  function  in  Eq.  (7c)  limits  the  Held  of  view 
to 


The  above  analysis  shows  that  the  coding  and  de¬ 
coding  filters  produce  a  new  type  of  imaging  system  with 
magnification  M  m  alb  that  does  not  require  any 
lenses. 

Experimental  Results 

The  system  shown  in  Fig.  1  was  used  with  an  imaging 
lens  and  identical  coding  and  decoding  filters  (a  ■  6). 
The  input  object  consisted  of  two  open  slits  in  an 
opaque  background.  The  wavelength-coded  trans¬ 
mitted  image  seen  at  the  output  is  shown  in  Fig.  2(a). 
A  color  photograph  would  show  a  spectrum  across  the 
image.  An  aberrating  medium  consisting  of  a  piece  of 
ground  glass  was  then  inserted  between  the  object  and 
image  planes.  The  ratio  of  unscattered  to  scattered 
light  was  measured  to  be  1:1400.  In  spite  of  this,  the 
high -contrast  output  image  in  Fig.  2(b)  was  obtained. 
The  soft  edges  seen  in  this  image  are  an  artifact  of  the 
interference  filters  in  which  the  passband  for  a  partic¬ 
ular  wavelength  has  finite  width  and  changes  lateral 
position  for  different  light-incidence  angles. 

For  reference,  the  diffuser  was  left  in  place  and  the 
decoding  filter  removed  so  that  the  wavelength-map- 
pLig  mechanism  was  no  longer  operative.  This  is 
equivalent  to  eliminating  the  delta  function  involving 


(c) 


Fig.  2.  (a)  Wavelength-coded  image  in  the  absence  of  aber¬ 
rating  media,  (b)  wavelength-coded  image  with  aberration 
(ground  glass)  inserted  between  object  and  image  planes,  (c) 
output  image  with  ground  glass  present  and  final  decoding 
filter  removed  so  that  wavelength-coded  transmission  is  in¬ 
operative  (for  reference). 
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*  j  In  Eq.  (7b)  so  that  we  would  now  expect  to  see  the 
broad  diffusing  function  (impluse  response)  at  the 
;’4itput.  The  output  is  shown  in  Pig.  2(c).  The  striking 
difference  between  Figs.  2(b)  and  2(c)  shows  the  validity 
of  the  wavelength-coding  process  for  image  transmission 
through  aberrating  media. 

Conclusion 

A  wavelength-coding  and  -decoding  system  for  one¬ 
dimensional  image  transmission  through  stationary  and 
time-varying  aberrating  media  has  been  demonstrated. 
The  system  uses  only  passive  optics  and  produces 
high-contrast  images  in  real  time.  Wavelength-coding 
methods  can  be  extended  to  two  dimensions.15 

Experimental  portions  of  this  work  were  performed 
in  the  laboratory  of  A.  Lohmann  with  the  support  of  the 
Fulbright  Commission.  Partial  support  from  the  En¬ 
gineering  Foundation  (grant  RC-A-78-6D)  and  the 
Army  Research  Office-Air  Force  Office  of  Scientific 
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Fiber-optic  image  transmission  system  with  high  resolution 


hi 


D.  E.  Hulsey  and  S.  K.  Case 


A  system  has  been  designed  and  built  for  transmitting  images  of  diffusely  reflecting  objects  through  optical 
fibers  and  displaying  those  images  at  a  receiving  station.  Wavelength  coding  is  used  to  reduce  the  number 
of  fibers  required  for  transmission  while  allowing  transmission  of  >1000  pixels/fiber.  The  system  is  an  opti¬ 
cal/electronic  hybrid  which  operates  under  computer  control.  A  tunable  dye  laser  is  used  for  a  high-bright¬ 
ness  light  source,  and  a  CRT  is  used  for  the  output  image  display.  The  system  and  its  operation  are  de¬ 
scribed,  and  examples  of  results  are  shown. 
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I.  Introduction 

In  a  conventional  fiber-optic  imaging  system,  an 
image  is  focused  onto  the  end  of  a  2-D  coherent  bundle 
of  fibers.  The  image  then  propagates  down  the  bundle 
with  each  resolvable  point  of  the  image  traveling 
through  an  individual  fiber.  This  is  not  the  most  effi¬ 
cient  way  to  transmit  information  through  optical  fi¬ 
bers,  however,  because  of  their  extremely  high  band¬ 
width  and,  therefore,  high-information  carrying  ca¬ 
pacity.  The  high  bandwidth  can  be  taken  advantage 
of  by  using  wavelength  multiplexing.  Alternately 
wavelength  coding  can  be  used  to  scan  an  object  using 
only  passive  components  at  the  end  of  a  fiber-optic 
imaging  system  as  described  in  this  paper. 

The  first  work  on  wavelength  coding  was  done  by 
Downes,1  Lindenbald  2  and  Kartashev.3  The  basic  idea 
is  that  different  points  on  an  object  can  be  illuminated 
with  different  wavelengths  of  light  so  that  spatial  in¬ 
formation  is  encoded  as  spectral  information.  The  light 
may  then  be  transmitted  by  any  means,  and  no  matter 
how  aberrated  it  becomes  in  the  process  (e.g.,  trans¬ 
mitting  through  fog  or  an  optical  fiber),  the  spatial  in¬ 
formation  can  be  retrieved  by  examining  the  spectral 
distribution  of  the  light. 

Several  different  imaging  systems  using  wavelength 
coding  have  been  demonstrated.4-13  All  previous  sys¬ 
tems  have  used  a  white  light  source  for  illumination. 
Wavelength  coding  has  then  been  enacted  by  placing 
a  wedge  interference  filter  in  contact  with  the  objects, 
imaging  the  object  through  a  dispersive  element  such 
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as  a  prism  or  grating  and  onto  a  finite  aperture,  or 
imaging  the  source  through  a  dispersive  element  before 
illuminating  the  object. 

The  resolution  attainable  with  these  systems  is  lim¬ 
ited  for  practical  reasons  by  the  brightness  of  the  light 
source.  That  is,  the  white  light  can  only  be  divided  into 
a  limited  number  of  resolvable  wavelength  bands  with 
enough  power  in  each  band  to  be  detectable.12  For  this 
reason,  transparencies  have  been  used  as  objects  in 
previous  systems  to  maximize  light  efficiency. 

In  this  paper,  we  describe  a  new  system  that  utilizes 
an  extremely  high  brightness  light  source  and  has  been 
designed  to  transmit  high-resolution  images  of  diffusely 
reflecting  objects,  while  still  allowing  small  detector 
integration  times.  Because  transparencies  are  not 
needed,  this  system  is  not  limited  to  2-D  objects  but  can 
also  image  3-D  objects. 

II.  Description  of  System 

A.  System  Configuration  and  Operation 

A  diagram  of  the  system  can  be  seen  in  Fig.  1.  The 
system  is  arranged  so  as  to  have  a  control  station  con¬ 
taining  the  light  source,  controls,  detectors,  processor, 
and  display.  The  remainder  of  the  system  is  a  remote 
probe  for  viewing  a  distant  object,  consisting  mostly  of 
a  spectrometer  with  two  light  paths,  one  for  illumination 
light  and  one  for  receiving  light  reflected  from  the 
object.  Illumination  light  is  sent  from  the  control  sta¬ 
tion  to  the  probe  via  a  single-mode  optical  fiber.  Re¬ 
turning  optical  signals  from  the  probe  are  also  trans¬ 
mitted  to  the  control  station  by  optical  fibers  (multi- 
mode,  50-jcm  core). 

In  designing  a  system  for  viewing  diffusely  reflecting 
objects,  one  must  consider  that  a  much  lower  fraction 
of  light  can  be  collected  from  a  diffusely  reflecting  object 
as  compared  with  the  light  transmitted  through  a 
transparency  because  of  the  loss  of  directionality  of  the 
illumination  light.  Therefore,  a  much  brighter  light 
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Fig.  1.  Wavelength  coded  image  transmission  system. 


source  is  needed  for  our  system  than  was  needed  pre¬ 
viously.  The  light  source  used  is  a  tunable  dye  laser 
which  is  temporally  scanned  through  its  emission 
spectrum  to  simulate  a  high-brightness  polyspectral 
source.  This  light  source  possesses  all  the  desirable 
properties  of  a  laser  such  as  the  ability  to  focus  its  entire 
output  into  a  fiber  for  remote  delivery  and  also  is 
polychromatic  so  that  it  can  be  used  for  white  light  op¬ 
erations  such  as  wavelength  coded  image  transmis¬ 
sion. 

The  operation  of  the  entire  system  is  as  follows.  The 
dye  laser  is  set  at  a  given  wavelength  via  computer 
control.  Light  from  the  dye  laser  is  sent  to  the  remote 
probe  by  a  single-mode  fiber  where  it  is  collimated, 
deflected  according  to  wavelength  by  a  dichromated 
gelatin  grating  G.  and  focused  onto  one  point  of  the 
object.  The  light  reflected  from  the  object  is  colli¬ 
mated,  again  deflected  by  (7,  and  focused  onto  the 
object  signal  fiber.  A  small  fraction  of  the  illumination 
light  is  returned  to  the  control  station  to  act  as  an  irra- 
diance  reference  signal.  This  reference  light  is  also 
doubly  diffracted  so  as  to  account  for  any  wavelength- 
dependent  diffraction  efficiency  in  the  gratings. 

At  the  control  station,  the  two  light  signals  are  de¬ 
tected,  amplified,  and  digitized  by  the  computer.  The 
computer  normalizes  the  object  signal  by  use  of  the 
reference  signal  and  stores  the  pixel  value  in  an  array. 


Under  computer  control  the  dye  laser  output  wave¬ 
length  is  incremented  so  that  a  new  object  pixel  is  illu¬ 
minated  and  read.  The  process  is  repeated  until  the 
dye  laser  scans  through  its  entire  wavelength  range,  thus 
scanning  the  object  with  a  point  of  light  while  the 
computer  reads  the  values  of  the  pixels  along  one  hori¬ 
zontal  line.  In  this  experiment,  the  computer  then 
moves  the  object  vertically  by  the  width  of  one  image 
line,  and  the  dye  laser  scans  to  read  this  line.  The 
process  is  repeated  until  the  entire  image  has  been  read 
and  stored.  The  image  data  are  then  transferred  to  a 
digital  frame  store  for  subsequent  display  on  a  TV 
monitor.  Because  our  object  was  translated  to  view 
different  object  lines,  the  probe  is  not  totally  passive. 
This  objection  can  be  easily  removed,  however,  by 
adding  a  cylindrical  lens  to  the  illumination  system  so 
than  an  entire  vertical  line  is  illuminated  on  the  object 
at  one  time  and  by  adding  a  corresponding  vertical  row 
of  return  signal  fibers  which  can  be  read  by  a  linear 
photodiode  array.  Thus  only  one  scan  of  the  dye  laser 
spectrum  would  be  required  to  gather  an  entire  image, 
and  the  probe  would  be  entirely  passive. 

Because  a  scanning  dye  laser  is  used  as  the  light 
source,  this  system  does  not  truly  use  parallel  wave¬ 
length  multiplexing  as  is  the  case  with  previous  wave¬ 
length  coding  systems  since  our  pixel  information  is 
transmitted  serially.  Instead  this  system  uses  wave¬ 
length  coding  to  scan  object  lines  using  passive  optical 
components  in  the  remote  probe. 

In  addition  to  the  high  brightness  of  this  source, 
which  leads  to  good  image  resolution12  as  described  in 
the  next  section,  there  are  other  advantages  to  using  the 
dye  laser.  Since  this  source  emits  only  one  narrow 
wavelength  band  at  a  time,  all  the  laser  output  power 
is  directed  into  one  object  pixel  at  one  time.  This  high 
power/pixel  can  be  coupled  to  a  short  sampling  or  in¬ 
tegration  time  for  the  detector  to  reduce  noise.  The 
power/pixel  for  our  dye  laser  system  is  thus  nearly  in¬ 
dependent  of  the  image,  resolution  where  for  a  white 
light  source,  increased  resolution  is  obtained  by  dividing 
the  available  power  among  more  pixels  thereby  reducing 
the  power/pixel  so  that  longer  detector  integration  times 
(with  associated  noise)  are  required.  The  average 
source  brightness  for  our  system  is  ~104  higher  than 
that  for  the  arc  lamp  used  in  the  previous  paper.12  Of 
course,  fewer  detectors  are  also  required  with  the  serial 
wavelength  scheme. 

B.  Resolution  Calculations 

The  resolution  of  the  remote  probe  is  determined  by 
the  ratio  of  the  length  of  the  scan  line  to  the  width  of  the 
illuminating  focal  spot  on  the  object.  The  length  of  the 
scan  line  L  is  given  by'4 

L  «  IF  tan  —  —  ■  ill 

■> 

where  F  is  the  focal  length  of  the  lens  which  focuses  the 
light  onto  the  object,  and  A»i„ul  is  the  range  of  angles 
into  which  the  various  dye  laser  output  wavelengths  are 
deflected  by  the  diffraction  grating.  From  the  scaler 
diffraction  equation. 
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A^,  •  *in_l(*in0in  -  Xi /)  -  sin'Miinflj,  -  Xj/I,  (2) 

where  0^  is  the  incidence  angle  of  the  illumination  beam 
on  the  diffraction  grating,  /  is  the  frequency  of  the  dif¬ 
fraction  grating,  and  At  and  X2  are  the  respective  min¬ 
imum  and  maximum  wavelengths  emitted  by  the  dye 
laser. 

For  one  given  wavelength,  the  illuminating  focal  spot 
size  at  the  object  surface  would  have  a  certain  width  W\ 
given  by  the  diameter  (between  1/e2  intensity  points) 
of  the  output  light  from  the  single-mode  fiber  (~5  pm) 
multiplied  by  the  magnification  of  the  probe  imaging 
system. 

That  width,  however,  is  increased  because  the  output 
of  the  dye  laser  actually  contains  a  small  band  of 
wavelengths  AX,  which  is  dispersed  by  the  diffraction 
grating.  The  dispersion  width  W2  of  the  illumination 
spot  can  be  calculated  by  using  Gq.  (1)  and  differen¬ 
tiating  the  scaler  diffraction  equation  to  get14 

W2  m  2F  tan  •  (3) 

where 

A*^«-====F==.  (4) 

The  power  spectrum  of  the  small  band  of  wavelengths 
AA  from  the  dye  laser  is  not  flat  and  does  not  have  sharp 
cutoffs.  Therefore,  the  point  spread  function  from  the 
dispersion  of  this  band  is  assumed  to  be  a  Gaussian 
function  with  W2  being  the  distance  between  the  1/e2 
points.  To  find  the  actual  width  of  the  focal  spot  on  the 
object,  this  point  spread  function  must  be  convolved 
with  the  undispersed  image  function  of  Gaussian  width 
W2.  The  convolution  of  two  Gaussian  functions  of 
width  Wj  and  W2  gives  another  Gaussian  function  with 
width  W'  given  by 

W  -  v'Wjf  +  w\  (5) 

Therefore,  the  number  of  resolvable  pixels  in  one  scan 
line  is  given  by  L/W’  assuming  there  are  no  aberrations 
in  the  system  to  increase  the  illumination  spot  size. 

For  our  system,  L/W'  *  1270  pixels.  Since  our  frame 
store  can  only  store  and  display  256  pixels/line,  our 
electronic  system  cannot  display  the  full  resolution 
capability  of  the  optical  system.  For  this  reason,  the 
data  for  each  image  pixel  were  actually  obtained  by 
reading  data  from  several  closely  spaced  points  along 
an  object  scan  line  and  averaging  the  results.  This  av¬ 
eraging  conveniently  served  to  reduce  noise  in  the 
system. 

The  major  source  of  noise  is  the  speckle  pattern  in  the 
light  that  reflects  off  the  object  due  to  using  coherent 
illumination.  This  speckle  pattern  is  invariably  sam¬ 
pled  by  the  finite  apertures  within  the  optical  system. 
The  effects  of  speckle  noise  are  reduced  by  the  inco¬ 
herent  averaging  described  above. 

C.  Imaging  3-0  Objects 

In  addition  to  the  high  resolution  afforded  by  our 
system,  a  major  advantage  is  obtained  in  that  it  can 
transmit  images  of  opaque  3-D  objects.  To  transmit 


the  image  of  a  3-D  object  and  to  perceive  it  as  a  3-D 
object,  it  would  be  desirable  to  be  able  to  collect  infor¬ 
mation  about  the  contours  of  the  object.  One  method 
is  to  observe  shadows  on  the  object.  That  method 
cannot  be  applied  in  this  case,  however,  since  the  angle 
at  which  the  object  is  illuminated  is  so  close  to  that  at 
which  it  is  observed. 

In  our  case  contours  are  seen  because  of  the  angular 
dependence  of  reflectivity  of  the  object  surface.  Most 
diffusively  reflecting  surfaces  do  not  reflect  a  beam  of 
light  uniformly  into  all  directions.  Instead  the  amount 
of  light  reflected  into  each  direction  varies  so  that  the 
direction  with  the  most  reflected  light  is  the  direction 
in  which  specular  reflection  would  go.  Thus,  if  a  surface 
is  illuminated  at  a  fixed  angle  and  observed  from  a  fixed 
angle,  the  amount  of  reflected  light  observed  depends 
on  the  angle  of  the  surface.  Surfaces  closest  to  normal 
to  the  bisector  of  the  illumination  and  observation  di¬ 
rections  are  brightest,  and  the  surfaces  gradually  get 
darker  as  they  move  away  from  that  angle.  This  effect 
is  used  in  our  system  to  observe  3-D  objects. 

HI.  Results 

An  example  of  the  signals  produced  by  the  system  in 
transmitting  one  line  of  an  image  is  shown  in  Fig.  2. 
Figure  2  is  a  plot  of  the  reference  signal  (dotted  line)  and 
object  signal  (solid  line),  which  was  read  by  the  com¬ 
puter  as  one  line  of  a  star  target  (see  Fig.  5)  was  scanned 
by  the  system.  The  bell  shaped  envelope  of  the  refer¬ 
ence  signal  is  indicative  mostly  of  the  gain  curve  of  the 
dye  laser  as  a  function  of  wavelength.  Figure  3  shows 


Fig.  2.  Reference  signal  (dotted  lines!  and  object  signal  isolid  linei 
plotted  vs  position  along  one  line  of  a  star  target. 


Fig.  3.  Normalized  object  signal  from  data  in  Fig.  2. 
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a  plot  of  the  normalized  data  obtained  from  the  ratio  of 
the  object  signal  to  reference  signal  for  a  scan  along  the 
same  line  of  the  star  target.  This  is  thus  a  plot  of  image 
intensity  vs  horizontal  position  along  one  line  of  the 
object  and  is  the  data  sent  to  the  frame  store  for  display. 
The  two  straight  lines  above  and  below  the  plot  indicate 
the  limits  of  the  gray  levels  which  can  be  stored  and 
displayed. 

Figures  4-8  show  images  that  were  transmitted  by  the 
system.  Figures  4  and  5  illustrate  the  resolution  with 
which  images  can  be  transmitted  by  the  system.  The 
objects  that  gave  these  images  were  photographs  of  an 
Air  Force  resolution  target  and  a  star  target,  respec¬ 
tively.  Figure  6,  also  the  transmitted  image  of  a  pho¬ 
tograph,  demonstrates  the  ability  of  the  system  to 
transmit  accurately  images  with  gray  tones.  The  high 
resolution  and  uniform  image  brightness  across  the 
picture  are  a  result  of  the  use  of  the  dye  laser  and  sub¬ 
sequent  computer  image  processing.  Figures  7  and  8 
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Fig.  8.  Transmitted  image  of  another  3-D  opaque  object. 


are  the  transmitted  images  of  3-D  objects.  The  soft 
edges  on  the  pawn  in  Fig.  7  are  seen  because  the  illu¬ 
mination  light  is  incident  there  at  near  grazing  incidence 
angle  and  is  not  strongly  scattered  back  to  the  receiving 
optics.  The  choice  of  object  in  Fig.  8  is  not  indicative 
of  the  pace  of  our  research  efforts. 

IV.  Conclusion 

The  choice  to  use  wavelength  coding  for  image 
transmission  is  predicated  on  the  desire  to  achieve  one 
or  more  of  three  goals:  (1)  to  take  advantage  of  the 
potentially  high  data  rates  associated  with  wavelength 
multiplexing;  (2)  to  reduce  the  number  of  fibers  re¬ 
quired  for  image  transmission;  (3)  to  obtain  higher 
resolution  images  than  possible  with  commercial  co¬ 
herent  fiber  bundles.  One  also  has  to  assume  that  the 
system  would  be  used  in  an  environment  that  precludes 
the  use  of  a  conventional  TV  camera  because  of  exces¬ 
sive  rf  interference,  radiation  damage,  electrical  hazard, 
or  physical  size. 

The  optoelectronic  imaging  system  described  in  this 
paper  satisfies  catagories  (2)  and  (3).  The  system  in  its 
present  configuration  is  relatively  slow  because  the 
wavelength  coded  information  from  each  line  is  sent 
serially,  and  subsequent  image  lines  are  also  serially 
transmitted.  However,  by  using  a  single  column  of 
optical  fibers  (one  for  each  row  in  the  image),  the  data 
rate  increases  and  the  remote  probe  becomes  entirely 
passive.  In  addition,  using  electrooptic  tuning  for  rapid 
scanning  of  the  dye  laser  through  its  spectrum  allows 
one  to  use  a  normal  TV  camera  as  a  detector  to  display 
real-time  images.15 

Thus  a  modified  version  of  our  system  will  yield 
high-resolution  images  through  a  small  number  of  fi¬ 


bers.  The  use  of  few  fibers  (i.e.,  one  column)  is  of  par¬ 
ticular  importance  for  transmission  of  images  over 
distances  greater  than  a  few  meters  when  2-D  coherent 
fiber  bundles  are  not  available  or  where  space  limita¬ 
tions  make  it  desirable  to  use  a  smaller  number  of  fi¬ 
bers. 

The  authors  appreciate  support  from  ARO/AFOSR 
grant  DAAG29-81-K-0033.  The  data  in  this  paper  are 
taken  from  D.  Husley’s  M.S.  thesis  completed  in  June 
1982. 
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Polychromatic  laaar  light  source 
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We  show  that  a  commercial  dye  laser  can  be  modified  to  allow  rapid  wavelength  tuning  via  an 
applied  voltage.  By  controlling  the  laser  with  a  minicomputer,  an  arbitrarily  specified  continuous 
or  discrete  spectral  output  can  be  obtained. 

PACS  numbers:  42.60. By,  42.35.Mv 

INTRODUCTION  made  to  propagate  undeviated  through  the  crystal  to  allow 


A  “white  laser’*  would  be  useful  for  applications  requiring  a 
high-brightness  polychromatic  source.  Such  applications  in¬ 
clude  polychromatic  optical  information  processing1  or  the 
focusing  of  light  into  optical  fibers  for  use  with  endoscopic 
imaging  systems.  In  addition,  such  a  source  would  be  even 
more  useful  if  its  spectral  output  could  be  arbitrarily  pre¬ 
scribed  to  achieve,  for  instance,  a  given  color  balance.  In  this 
paper,  a  method  of  producing  such  a  high-brightness  polych¬ 
romatic  light  source  by  rapidly  scanning  a  tunable  dye  laser 
through  its  spectrum  with  a  computer  generated  periodic 
electronic  control  signal  is  described. 

Most  commercial  tunable  dye  lasers  have  a  birefringent 
crystal  located  within  the  laser  cavity.  This  birefringent  crys¬ 
tal  is  routed  mechanically  to  select  the  desired  output  wave¬ 
length.  Such  a  mechanical  tuning  method  is  inherently  slow. 
In  our  system,  wavelength  tuning  is  achieved  electronically 
by  placing  a  KD*P  crystal  which  has  a  volUge-dependent 
birefringence  into  the  optical  cavity  of  a  dye  laser.  A  time- 
varying  voltage  applied  to  the  crystal  produces  the  wave¬ 
length  scan  so  that  rapid  spectral  scanning  speeds  are  possi¬ 
ble.  If  the  dye  laser  is  cycled  through  its  spectral  range  at  a 
rate  at  least  equal  to  the  frame  rate  of  an  integration  detector 
such  as  the  eye,  a  TV  camera,  or  a  photodiode  array,  the  light 
will  appear  to  have  a  continuous,  distributed  spectral  output. 
By  electronically  varying  the  dwell  time  at  various  drive  vol¬ 
tages  (and  hence  wavelengths)  within  one  spectral  scan,  the 
spectrum  can  be  weighted  so  that  a  high-brightness  poly¬ 
chromatic  light  source  with  arbitrary  spectral  output  is  pro¬ 
duced.  This  source  has  both  the  focal  and  directional  proper¬ 
ties  of  a  polychromatic  laser  when  used  with  integrating 
detectors. 

I.  WAVELENGTH  CONTROL 

By  incorporating  an  electronically  tunable  birefringent 
crystal  into  the  optical  cavity  of  a  dye  laser,  the  lasing  wave¬ 
length  may  be  controlled  by  a  voltage  applied  across  the 
crystal.  This  birefringent  crystal  has  the  property,  such  that, 
a  multispectral  beam  incident  upon  the  birefringent  crystal 
would  emerge  spectrally  redistributed  in  a  conelike  output 
beam.  The  angle  that  the  constituent  wavelengths  would  be 
rotated  through  when  emerging  from  the  birefringent  crys¬ 
tal  is  a  function  of  the  electric  field  intensity  within  the  crys¬ 
tal  and  hence  a  function  of  the  voltage  across  the  crystal.  By 
applying  the  proper  voltage,  any  desired  wavelength  can  be 


lasing.  The  crystal  may  be  mechanically  adjusted  (rotated)  to 
provide  several  tuning  rates  |nm/kV).  These  various  tuning 
rates  correspond  to  high-transmittance  paths  through  the 
birefringent  crystal  with  differing  degrees  of  spectral  disper¬ 
sion. 

A  Spectra  Physics  model  37S  dye  laser  with  rhodamine 
chloride  |R6G)  dye  and  an  argon  ion  pump  laser  is  used.  The 
dye  laser  is  modified  to  allow  the  placement  of  the  birefrin¬ 
gent  crystal2  into  the  optical  cavity  as  shown  in  Fig.  1 .  It  was 
found  necessary  to  realign  the  dye-laser  mirror  system  to 
accommodate  the  path  changes  introduced  by  the  insertion 
of  the  crystal.  The  crystal  is  mechanically  adjusted  such  that 
an  applied  voltage  from  0  to  2000  V  will  drive  the  dye-laser 
output  through  its  full  spectrum  from  373  nm  in  the  yellow- 
green  to  633  nm  in  the  red.  By  a  suitable  crystal  reorientation 
and  inversion  of  the  applied  voltage,  the  laser  could  be  made 
to  scan  in  the  reverse  direction  through  its  spectrum.  With  a 
single  fixed  voltage  applied  to  the  crystal,  a  linewidth  of  0.6 
nm  was  measured. 

Once  the  birefringent  crystal  is  properly  aligned,  a  digi¬ 
tal  computer  is  used  in  conjunction  with  a  high-voltage  oper¬ 
ational  amplifier  to  select  the  laser  wavelength.  The  high- 
voltage  operational  amplifier  is  a  current- to- voltage 
transresistance  amplifier.  The  input  current  to  the  oper¬ 
ational  amplifier  is  provided  by  a  software  controlled  digital- 
to- analog  converter  in  a  DEC  LSI- 1 1  computer.  The  digital- 
to- analog  converter  produces  an  output  voltage 


Fk».  I.  KD*P  crystal  mounted  inside  dye-laser  easily. 
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Fig.  2.  Dye-laser  wavelength  vs  the  integer  value  loaded  into  the  D/A  con¬ 
verter. 


(proportional  to  the  value  of  a  1 2-bit  input  word!  that  ranges 
from  0.0  to  10.0  V  corresponding  to  a  0.0-1. 0-mA  current 
drive  to  the  amplifier. 

Arbitrary  periodic  spectral  distributions  can  be  pro* 
duced  by  sending  digital  values  from  a  serial  data  string  in 
computer  memory,  in  the  form  of  an  endless  loop,  to  the 
high-voltage  operational  amplifier  through  the  D/A  con¬ 
verter.  The  repetition  period  for  the  spectral  scan  is  linearly 
proportional  to  the  number  of  elements  in  the  computer  out¬ 
put  string.  The  numerical  (integer)  value  of  a  string  element 
corresponds  linearly  to  a  unique  wavelength  A  between  575 
and  63S  nm  as  can  be  seen  in  Fig.  2. 

As  an  example  of  our  computer  control  routine,  if  it 
were  desired  to  produce  an  output  spectra  which  had  only 
two  discrete  wavelengths  located  at  the  extreme  values  of 
373  and  633  nm,  one  could  load  the  first  half  of  the  string 
with  the  integer  value  "0"  and  the  second  half  of  the  string 
with  the  integer  value  "4095”  (the  maximum  value  that  can 
be  expressed  with  12  bits).  The  high-voltage  operational  am¬ 
plifier  would  then  drive  the  birefringent  crystal  with  a  maxi¬ 
mum  amplitude  square  wave,  forcing  the  laser  to  spend  half 
of  its  time  at  375  nm  and  the  other  half  at  633  nm.  Correc¬ 
tions  for  the  dye-laser  gain  and  wavelength-dependent  sys¬ 
tem  losses  could  be  achieved  by  varying  the  relative  amount 
of  0’s  and  4095‘s  in  the  computer  output  string  to  produce  a 
nearly  equal  average  intensity  output  for  the  two  wave¬ 
lengths. 

II.  GAIN  CURVE  MEASUREMENT 

The  output  intensity  of  the  light  from  the  dye  laser  var¬ 
ies  by  an  order  of  magnitude  over  the  useful  band  of  wave¬ 
lengths.  If  it  is  desired  to  produce  arbitrary  spectra  from  the 
scanning  dye-laser  system  described  here,  the  natural  gain 
curve  of  the  system  must  first  be  measured  and  then  be  cor¬ 
rected  for. 

A  measurement  of  the  gain  curve  can  be  made  by  sever¬ 
al  methods.  Discrete  points  may  be  measured  and  plotted  or 
the  entire  curve  may  be  displayed  at  once  by  scanning  the 
laser  wavelength  linearly  in  time  and  passing  the  output  light 
through  a  diffraction  grating  followed  by  a  photodiode  ar¬ 
ray.  An  important  aspect  of  the  scheme  used  to  measure  the 
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Fic>.  -V  Gain  curve  av  a  function  of  wavelength  /.  for  Ihe  dvr  laser 

gain  curve  is  the  further  requirement  needed  to  enter  the 
data  into  the  computer.  If  the  gain  curve  is  expected  to  vary 
as  a  result  of  pump  laser  output  or  other  environmental 
changes,  the  curve  measurement  and  normalization  proce¬ 
dure  should  be  fast  enough  to  allow  for  frequent,  rapid  appli¬ 
cations. 

A  numerical  curve  interpolation  method  is  used  in  our 
interactive  program,  to  measure,  plot,  and  normalize  the 
natural  gain  curve  oft  he  scanning  dye-laser  system.  The  out¬ 
put  wavelength  of  the  dye  laser  is  set  to  a  predetermined 
value  by  the  computer.  The  output  power  is  measured  at  that 
wavelength  and  entered  into  the  computer.  The  output 
wavelength  is  then  incremented  by  the  computer  to  allow  for 
the  next  measurement.  Using  the  output  power  values  and 
Newton's  forward  difference  method'  of  curve  interpolation 
the  approximate  power  versus  wavelength  relationship  (gain 
curve)  is  determined  and  plotted.  It  has  been  found  experi¬ 
mentally  that  six  measurements  of  the  output  power,  each 
equally  spaced  in  wavelength,  provide  sufficient  information 
from  which  to  reconstruct  the  gain  curve.  From  six  measure¬ 
ments  a  fifth-order  polynomial  is  constructed  which  ap¬ 
proximates  the  gain  curve  for  the  wavelengths  of  interest.  An 
example  of  an  interpolated  gain  curve  is  shown  in  Fig.  3 
where  the  maximum  gain  has  been  normalized  to  unity. 

Once  the  relative  intensity  of  the  output  light  is  known 
as  a  function  of  wavelength,  it  is  possible  to  determine  the 
electronic  wave  shape  that,  when  applied  to  the  birefringent 
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Fig  4.  Relative  dwell  time  7"M  i  spent  tt  each  wavelength  A  in  order  to 
achieve  equal  average  intensity  per  unit  wavelength  across  the  spectrum. 
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Fic  5  Tout  elapsed  time  T.  between  beginning  of  cycle  and  the  time  the 
wavelength  /.  should  be  outputted. 


crystal,  will  produce  a  desired  spectral  output.  When  scan¬ 
ning  the  dye  laser  through  its  spectrum  with  a  periodic  con¬ 
trol  voltage  the  average  intensity  at  a  given  wavelength  can 
be  altered  by  changing  the  relative  amount  of  time  that  the 
wavelength  is  present. 

As  one  experiment,  it  was  decided  to  produce  an  output 
that  had  constant  intensity  per  unit  wavelength  across  the 
spectrum  since  such  a  source  does  not  otherwise  exist  in  na¬ 
ture  and  may  be  useful  for  some  experiments.  To  achieve 
this,  it  is  required  to  spend  more  time  at  wavelengths  where 
the  output  intensity  is  low.  For  a  typical  gain  curve  that  is 
peaked  in  the  center  and  falls  off  at  the  ends,  a  plot  of  the 
control  voltage  versus  time  must  be  “flatter”  at  both  the 
beginning  and  the  end  of  its  cycle  and  “steeper”  during  the 
middle  of  its  cycle  in  order  to  produce  a  constant  intensity 
output  over  the  spectral  range.  This  suggests  that  a  sinusoi¬ 
dal-type  control  voltage  will  produce  a  more  spectrally  flat 
output  than  would  a  linear  sawtooth-type  control  voltage. 
The  exact  algorithm  used  to  normalize  the  system  gain 
curve,  thus  producing  a  constant  amplitude  spectrum,  is  de¬ 
scribed  below. 

The  fitted  gain  curve  G  )  is  shown  in  Fig.  3.  In  order  to 
produce  a  spectrum  with  equal  average  intensity  per  unit 
wavelength,  the  relative  amount  of  time  that  must  be  spent  at 
a  given  wavelength  is 

TM)=l/CrUl,  (1) 

as  shown  in  Fig.  4.  The  total  time  T  for  one  cycle  is  given  by 
the  integral  of  Eq.  1 1 1 

r=  |*  T </.  i d/..  ill 

Similarly,  the  total  time  that  has  elapsed  from  the  beginning 
of  the  scan  until  the  wavelength  a  is  outputted  given  by 

7.  »  J  7V.  *//..  i3i 

The  result  from  Eq.  i.'i  is  shown  in  Fig.  5.  where  we  have 
interchanged  the  axis  and  display  elasped  time  horizontally 
and  wavelength  vertically.  Figure  5  thus  shows  the  wave¬ 
shape  we  should  produce  at  each  particular  time  in  order  to 
achieve  a  flat  spectrum.  To  incorporate  the  results  of  Fig.  5 
into  our  computer  program,  we  proceed  as  follows:  The  peri¬ 
od  was  set  at  T  *  1  /60  s  so  as  to  be  easily  synchronized  with 
a  TV  camera,  which  is  the  integrating  detector  often  used  in 


Fki.  6.  Ill  Natural  spectral  output  of  Ihe  dye- laser  system  observed  on  a 
photodiode  array  ihl  Spectral  output  after  application  of  normalization 
routine 


our  experiments.  The  drive  voltage  from  our  computer  sys¬ 
tem  can  only  be  updated  at  J  T=  73  /as  intervals,  so  the 
horizontal  axis  in  Fig.  5  is  broken  into  T /ST  —  192  inter¬ 
vals.  As  shown  in  Fig.  3.  the  output  wavelength  is  linearly 
related  to  the  integer  value  n  (between  0  and  4095)  loaded 


Fib.  7.  Spectrum  incorporating  live  equally  spaced,  equal  average  intensity 
wavelength  peaks 
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into  the  D/A  converter.  The  values  n  are  shown  on  the  right 
side  of  Fig.  5  From  Fig.  5.  therefore,  we  have  the  integer 
value  n  that  must  he  loaded  into  the  D/ A  converter  for  each 
of  the  1^2  sequential  limes  in  one  wavelength  scan. 

The  192  discrete  voltage  jumps  produce  a  14-kHz 
square  wave  that  is  superimposed  upon  the  input  to  the  high- 
voltage  operational  amplifier.  However,  the  high-frequency 
response  of  the  amplifier  begins  to  roll  off  at  500  Hz.  There¬ 
fore.  the  14-kHz  component  does  not  appear  in  the  voltage 
applied  to  the  birefringent  crystal.  To  lower  the  bandwidth 
requirements  on  the  high-voltage  amplifier,  it  is  often  advan¬ 
tageous  to  ramp  the  voltage  up  during  one  cycle  and  then 
ramp  it  down  during  the  next  cycle  producing  a  triangle- 
rather  than  sawtooth-type  waveform. 

III.  EXPERIMENTAL  RESULTS 

The  results  of  our  efforts  to  produce  a  flat  output  spec¬ 
trum  are  shown  in  Fig.  6.  The  output  beam  from  the  laser  is 
passed  through  a  diffraction  grating  and  the  dispersed  beam 
is  focused  onto  a  linear  photodiode  array.  The  ‘’start  of  inte¬ 
gration"  signal  from  the  self-scanned  array  ,is  used  to  start 
the  computer  scan  cycle  so  as  to  synchronize  the  laser  and 
detector  allowing  the  laser  to  make  only  one  pass  along  the 
array  before  it  is  read  out.  In  Fig.  6(a).  the  natural  gain  curve 
for  the  dye  laser  is  obtained  by  driving  each  wavelength  for 
an  equal  time.  Deviations  between  Figs.  3  and  6(a)  stem  from 
the  wavelength-dependent  response  of  the  detector  array.  In 
Fig.  6(b),  the  laser  is  scanned  with  weighted  dwell  times  as 
previously  described.  As  can  be  seen,  the  laser  has  a  uniform 
output  over  its  whole  spectrum. 

In  Fig.  7,  we  show  another  pattern  in  which  the  laser 
produces  five  discrete  wavelengths  of  nearly  equal  intensity 
and  at  equal  wavelength  intervals.  The  slight  asymmetry 
seen  near  the  base  of  each  wavelength  spike  is  due  to  the 
limited  frequency  response  of  the  high-voltage  amplifier.  Of 
course  the  wavelength  steps  could  be  arbitrarily  specified. 
One  use  for  such  a  source  is  shown  in  Fig.  8  Here  an  adapta¬ 
tion  of  a  3D  robotic  vision  scheme  is  shown.  In  the  standard 


Fig.  4.  Experimental  results  using  ihe  setup  in  Fig  8.  Each  bandoflighi  is  a 
different  wavelength. 


“light  stripe"  vision  technique,4  a  sheet  of  light,  obtained  by 
expanding  a  laser  beam  with  a  cylindrical  lens,  is  cast  onto  an 
object  at  an  angle  6.  By  viewing  the  intersection  of  the  sheet 
of  light  with  the  object,  one  can  use  triangulation  to  compute 
the  object  height  z.  To  observe  various  positions  y  along  the 
object,  the  beam  is  traditionally  scanned  in  angle  6  by  a  ro¬ 
tating  mirror.  In  our  scheme  iFig.  8).  no  moving  pans  are 
required.  The  polyspectral  laser  output  iFig.  7)  is  dispersed 
by  a  grating  to  produce  a  set  of  sheets  of  light.  These  intersect 
the  object  to  give  depth  information  as  shown  in  Fig.  9. 
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Multifacet  holographic  optical  elements  for  wave  front 
transformations 

S.  K.  Case,  P.  R.  Haugen,  and  0.  J.  Lpkberg 


A  new  type  of  holographic  optical  element  combines  some  of  the  flexibility  of  computer-generated  holograms 
with  the  high  light  efficiency  of  volume  phase  holograms  to  produce  optical  elements  capable  of  arbitrary 
illumination  transformations  with  nearly  100%  light  efficiency.  The  optical  element  is  recorded  by  subdi¬ 
viding  a  volume  hologram  film  surface  into  numerous  small  areas  (facets),  each  of  which  is  individually  ex¬ 
posed.  A  final  optical  syatam  consisting  of  two  dichromated  gelatin  holograms  in  series  is  demonstrated. 
The  first  hologram  spatially  redistributes  the  incident  light,  and  the  second  hologram  produces  a  desired 
phase  front  on  the  redistributed  light 
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It  is  often  necessary  to  expand  and  spatially  redis¬ 
tribute  a  beam  of  laser  light  prior  to  its  use  in  a  coherent 
optical  system.  Frequently  one  wishes  to  provide 
uniform  object  illumination  or,  alternately,  to  illuminate 
only  specific  areas  on  an  object  The  various  expansion 
and  redistribution  methods  in  use1-6  vary  greatly  in  ease 
of  implementation  and  optical  efficiency,  with  these  two 
attributes  often  not  simultaneously  present. 

In  this  paper  we  demonstrate  a  new  type  of  holo¬ 
graphic  optical  element  with  which  a  coherent  beam  of 
light  can  be  readily  transformed  to  provide  arbitrary 
illumination  at  arbitrarily  prescribed  spatial  locations. 
The  method  utilizes  nearly  all  the  energy  in  a  Gaussian 
input  beam  and  produces  an  output  beam  with  a  smooth 
phase  front. 

N.  New  Optical  Syatam 

We  wish  to  coherently  illuminate  the  edge  of  the 
hollow  box  in  Fig.  1.  Starting  with  a  Gaussian  intensity 
profile  laser  beam,  a  simple  expansion  of  the  beam,  as 
in  Fig.  1,  would  prove  to  be  very  light  inefficient  in  that 
the  intense  center  of  the  beam  would  fall  into  the  hollow 
center  of  the  box.  If  the  walls  of  the  box  are  thin  com¬ 
pared  to  its  lateral  dimensions  (a  sparse  object),  only  a 
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very  small  fraction  of  the  incident  light  would  provide 
useful  illumination  (see  the  Appendix).  A  much  more 
efficient  illumination  method  for  such  an  object  would 
be  to  employ  an  optical  system  that  would  redistribute 
nearly  all  the  laser  light  onto  the  periphery  of  the  box. 
Our  system  for  doing  this  is  shown  in  Fig.  2  and  employs 
two  holographic  optical  elements  in  tandem.  The  first 
hologram  acts  to  spatially  redistribute  the  input  light 
beam,  and  the  second  hologram  produces  a  desired 
phase  front  on  the  redistributed  light  so  that  it  can 
propagate  toward  a  distant  object. 

A.  Hologram  #1  Design 

Hologram  #  1  must  efficiently  diffract  the  light  in  an 
input  beam  such  that  the  diffracted  light  has  the  desired 
spatial  and  intensity  distribution  when  it  reaches  the 
plane  of  hologram  #2.  We  could  consider  computer 
generation,  interferometric  generation,  or  generation 
of  the  hologram  by  a  hybrid  technique7*12  as  described 
in  this  paper.  Computer  generation  would  allow  great 
redistribution  flexibility  but  optical  efficiency  limited 
to  ~40<rc. 13  A  conventional  volume  phase  hologram,  on 
the  other  hand,  could  have  nearly  100rr  diffraction  ef¬ 
ficiency  but  would  offer  limited  flexibility  in  that  it  must 
be  interferometrically  recorded.14 

The  hybrid  hologram  described  in  this  paper  com¬ 
bines  the  best  features  of  the  previous  hologram  types: 
flexibility  and  high  efficiency.  Its  design  principle  is 
straightforward.  While  the  interference  pattern  re¬ 
quired  to  interferometrically  record  an  entire  redistri¬ 
bution  hologram  is  quite  complex,  the  required  pattern 
within  any  small  area  on  the  hologram  is  relatively 
simple  such  that  it  can  be  produced  bv  the  interference 
of  a  pair  of  plane  waves.  Thus,  our  solution  is  to  pro¬ 
duce  a  multifacet  hologram  which  is  recorded  by  sub¬ 
dividing  a  volume  hologram  film  surface  into  numerous 
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Fig.  1.  Inefficient  method  for  illuminating  the  periphery  of  t  large 
hollow  boa. 
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Fig.  2.  Wave  from  transformation  system  for  efficient  illumination 
of  the  object. 


small  cells  (facets),  each  of  which  is  individually  ex¬ 
posed.  Each  facet  contains  a  plane  wave  grating  which 
diffracts  the  light  from  a  given  location  in  the  input 
beam  to  the  proper  output  location.  By  constructing 
the  hologram  in  a  volume  phase  material,  such  as  di- 
chromated  gelatin,  each  facet  can  achieve  nearly  HXFe 
diffraction  efficiency  into  a  single  diffracted  order. 

The  design  of  our  optical  element  starts  by  assuming 
that  the  input  beam  will  have  a  Gaussian  irradiance 
profile.  This  input  light  distribution  is  shown  in  Fig. 


3(a),  where  we  have  divided  the  Gaussian  beam  into 
forty-four  cells  and  calculated  the  relative  irradiance 
in  each  cell.  All  light  out  to  the  radius  where  the  irra¬ 
diance  falls  to  1/e-  of  its  peak  value  will  be  used  in  the 
redistribution.  The  light  in  the  cells  of  Fig.  3(a)  be¬ 
comes  the  building  blocks  for  the  desired  output  pat¬ 
tern.  By  spatially  redistributing  the  light  in  these  cells, 
we  can  arrive  at  the  desired  box-shaped  output  distri¬ 
bution  given  by  the  top  numbers  in  the  cells  in  Fig.  3(b). 
We  note,  for  example,  that  the  light  from  the  center  of 
the  Gaussian  distribution  will  be  mapped  to  the  corners 
of  the  box.  We  also  note  that  the  forty-four  input  cells 
will  be  mapped  to  twenty-four  output  cells  to  achieve 
an  output  intensity  distribution  which  varies  by  less 
than  a  factor  of  2  (l//stop).  That  is,  the  light  from  more 
than  one  input  cell  will  often  be  mapped  to  a  given 
output  location.  This  particular  intensity  smoothing 
operation  works  well  for  some  systems  but  will  cause 
problems  with  others,  as  will  be  described  later. 

B.  Hologram  #1  Recording 
The  individual  facets  in  the  hologram  are  serially 
constructed  using  the  holographic  setup  shown  in  Fig. 
4.  The  holographic  film  is  held  on  a  computer-con¬ 
trolled  translation  stage  which  is  advanced  by  one  facet 
width  between  each  exposure.  A  thin  stationary 
flexible  mask  containing  an  aperture  used  to  select  the 
facet  shape  and  size  is  pressed  lightly  against  the  film. 
This  geometry  allows  good  construction  beam  overlap 
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Fig.  ,1.  Irradiance  distributions:  (o'  input  beam  and  (hi 
beam. 
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Fig.  4.  Setup  for  recording  multifacet  holograms. 
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Fig.  5.  Top  view  of  optical  system  showing  redistributed  light  from 
hologram  #  1  being  used  as  the  object  wave  to  record  hologram  #2. 


and  minimizes  aperture  diffraction  effects  or  shad¬ 
owing.  The  aperture  mask  allows  one  facet  to  be  re¬ 
corded  at  one  time. 

The  grating  within  each  facet  is  recorded  by  exposure 
with  two  coherent  plane  waves.  The  reference  wave  is 
incident  normal  to  the  Him  and  is  at  the  same  angle  for 
each  facet.  The  object  wave  is  incident  at  ~30°  with 
respect  to  the  film  normal,  with  the  exact  incidence 
angle  selected  by  reflecting  the  object  beam  from  a  pi¬ 
votable  mirror.  The  object  beam  angle  for  a  given  facet 
is  merely  set  at  the  required  angle,  which  will  map  the 
input  light  from  a  given  location  on  hologram  #  1  to  the 
desired  output  location  in  plane  #2. 

The  holograms  are  recorded  in  dichromated  gelatin 
at  a  wavelength  X  =  0.488  pm.  The  gelatin  layer  is 
obtained  from  Kodak  649-F  plates  by  processing  in¬ 
structions  given  in  Ref.  1 5.  These  are  similar  to  those 
of  Chang  and  Leonard.16  A  diffraction  efficiency  vs 
exposure  curve  for  the  film  is  given  in  Refs.  10  and  15. 
For  an  exposure  of  ~80  mJ/cm2,  the  gratings  have 
nearly  100%  diffraction  efficiency  (ignoring  surface 
reflections)  so  that  all  the  incident  light  is  diffracted 
toward  the  desired  output. 

After  exposure  of  all  the  facets,  and  development,  the 
hologram  is  illuminated  with  the  expanded  Gaussian 
input  beam,  as  in  the  top  view  in  Fig.  5.  The  Gaussian 
beam  has  a  planar  wave  front  and  is  normally  incident 
on  the  hologram  so  that  the  Bragg  condition  for  each 
facet  is  satisfied.  The  diffracted  light  propagates  from 
the  hologram  and  is  spatially  redistributed  upon  arrival 
at  plane  #2. 

In  addition  to  redistribution  flexibility  there  are 
several  advantages  to  constructing  the  hologram  via  a 
multifacet  approach.  First,  the  recording  beams  are 
plane  waves,  which  are  easy  to  produce.  Because  the 
individual  facets  to  be  recorded  are  small,  the  recording 
beams  can  be  of  small  diameter,  which  leads  to  high 
exposure  beam  irradiance  and  short  exposure  times.  In 
addition,  one  can  ensure  unity  object  beam/reference 
beam  irradiance  ratios  and  optimum  exposure  at  each 
location  on  the  hologram  for  maximum  diffraction  ef¬ 
ficiency.  Also,  with  plane  wave  recording  one  can 
specify  both  the  spatial  frequency  and  the  Bragg  angles 
of  the  grating  within  each  facet  so  that  arbitrary  spatial 
redistribution  and  maximum  diffraction  efficiency  are 
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Fig.  6.  Multifacet  hologram  recorded  in  absorption  material  (for 
illustration).  Volume  phase  holograms  were  used  for  all 
experiments. 

simultaneously  possible.  It  is  even  possible  to  adjust 
the  recording  waves  to  produce  holograms  with  the 
proper  spatial  frequency  and  Bragg  angles  to  enact  high 
efficiency  redistribution  when  read  out  at  a  wavelength 
(e.g.,  X  ■  6328  A  or  1.06  pm)  for  which  efficient  re¬ 
cording  films  are  not  sensitive.17 

C.  Hologram  #2 

As  shown  in  Fig.  5,  the  light  arrives  at  plane  #2  from 
many  different  angles.  If  our  object  can  be  located  at 
plane  #2,  and  we  are  only  interested  in  the  intensity  at 
the  object  surface,  no  second  hologram  is  required. 
However,  it  iB  often  desirable  or  necessary  to  be  able  to 
illuminate  a  more  distant  object,  to  scale  the  illumina¬ 
tion  beam  (for  different  size  objects),  or  to  illuminate 
the  object  from  only  one  direction  (for  interferometry). 
For  these  purposes  we  require  the  spatially  redistri¬ 
buted  light  to  have  a  smooth  phase  front.  Such  a  phase 
front  can  easily  be  produced  by  the  use  of  a  second  ho¬ 
logram.  The  recording  of  a  typical  second  hologram  is 
illustrated  in  Fig.  5.  Here,  the  spatially  redistributed 
light  arriving  from  hologram  #  1  and  a  planar  reference 
wave  coherently  expose  film  #  2.  After  development 
and  exact  replacement  of  the  second  hologram,  the 
hologram  pair  can  be  used  as  shown  in  Fig.  2  to  produce 
the  square  output  beam,  which,  because  of  its  flat  phase 
front,  will  propagate  toward  a  distant  object.  Slow 
beam  degradation,  of  course,  will  result  from  Fresnel 
diffraction. 

III.  Experimental  Results 

Hologram  #1  contains  forty-four  facets,  each  of 
which  is  ~5  X  5  mm  in  size.  The  holograms  were  re¬ 
corded  in  dichromated  gelatin  film  as  described  earlier. 
Because  it  is  difficult  to  photograph  phase  holograms. 
Fig.  6  shows  a  replica  of  hologram  #1  recorded  in 
Kodak  649-F. 

As  the  light  leaves  the  first  hologram  and  propagates 
toward  plane  #2,  the  spatial  light  distribution  changes 
from  the  near  circular  pattern  to  the  square  one.  The 
gradual  redistribution  is  shown  in  Fig.  7.  Here  the  light 
distribution  was  photographed  in  five  equally  spaced 
planes  to  make  the  composite  picture. 
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Fig.  7.  Redistribution  of  light  between  input  and  output  plane*. 


Plane  #  2  was  located  ~25  cm  after  plane  #  1.  This 
distance  was  chosen  as  a  compromise  so  that  neither  the 
range  of  deflection  angles  required  from  hologram  #  1 
nor  the  effects  of  Fresnel  diffraction  from  the  individual 
facets  would  be  excessively  large.  A  phot  ograph  of  the 
light  distribution  in  plane  #2  is  shown  in  Fig.  8. 
Manual  object  beam  steering  was  used  to  produce  ho¬ 
logram  #  1  in  this  case  and  resulted  in  the  small  gaps 
between  output  cells.  Steering  for  hologram  recording 
is  now  done  under  computer  control.  The  measured 
intensity  distribution  in  plane  #2  is  shown  as  the  lower 
number  in  each  cell  of  Fig.  3(b).  The  intensities  are 
normalized  to  compensate  for  surface  reflection  losses 
and  allow  easy  comparison  with  the  theoretical  values 
(upper  number  in  each  cell).  It  is  seen  that  the  design 
goal  of  <50%  output  intensity  variation  has  been  met. 
Due  to  the  nonperfect  Gaussian  readout  beam,  some 
cells  are  seen  to  have  slightly  greater  than  the  predicted 
intensity. 

As  stated  earlier,  if  our  only  concern  is  with  output 
intensity  no  second  hologram  is  required.  To  achieve 
a  flat  phase  front  on  the  output  beam,  however,  we  have 
employed  a  second  dichromated  gelatin  hologram.  In 
Fig.  9(al  we  show  an  interferogram  of  the  output  wave 
front  50  cm  after  hologram  #2.  The  straight  fringes 
attest  to  the  wave  front  quality.  The  square  shape  has 
also  been  retained  after  the  50-cm  propagation.  The 
rounding  of  the  corners  is  due  to  finite  sized  interfer¬ 
ometer  optics.  Figure  9(b)  shows  an  interferogram  of 
the  plane  wave  used  to  record  the  second  hologram  (for 
reference). 


Fig.  8.  Output  light  distribution. 
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Fig.  9.  Interferogram*  showing  wave  front  quality:  (a)  output  wave 
and  (b)  reference  wave. 


If  wave  front  phase  correction  (via  the  second  holo¬ 
gram)  is  desired,  the  simple  intensity  smoothing  oper¬ 
ation,  consisting  of  mapping  the  light  from  several  cells 
in  plane  #1  to  one  output  cell  in  plane  #2.  should  be 
avoided.  This  is  because  intermodulation  in  the  second 
hologram  will  result  in  the  production  of  several  dif¬ 
fracted  output  waves  instead  of  just  one  desired  output 
wave.  Other  intensity  smoothing  schemes  such  as  using 
object  beams  with  variable  focal  power  could  be  used. 
Of  course,  if  phase  correction  of  the  output  light  is  not 
needed,  the  simple  multiple  mapping  technique  works 
very  well. 

IV.  Conclusion 

We  have  demonstrated  a  technique  whereby  an  input 
light  distribution  can  be  mapped  to  an  arbitrarily  pre¬ 
scribed  output  light  distribution.  The  technique  em¬ 
ploys  two  holograms  in  which  the  first  hologram  enact? 
the  spatial  redistribution  of  light  and  the  second  holo¬ 
gram  produces  a  desired  (e.g.,  diverging,  collimated  or 
converging)  wave  front  on  the  output  light.  Digital 
control  of  the  interferometric  recording  process  allows 
precise  production  of  custom  opt  ical  elements.  The  use 
of  volume  phase  holograms  for  the  redistribution  pro¬ 
cess  leads  to  high  optical  efficiency. 

To  provide  illumination  to  specific  locations  on  an 
object,  the  light  intensity  obtained  via  our  redistribution 
method  is  much  greater  than  that  obtained  by  simply 
expanding  an  incident  laser  beam,  as  is  shown  in  the 
calculations  in  the  Appendix.  Although  we  have  shown 
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one  use  of  multifacet  holograms  in  this  paper,  such  ho¬ 
lograms  can  find  additional  use  for  space  variant  optical 
processing,  customized  holographic  optical  elements, 
coding  and  decoding  elements,  pseudocoloring,  and 
optical  computing. 
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Appendix 

We  calculate  the  light  efficiency  gain  obtained  by 
using  our  custom  redistribution  hologram  to  redistri¬ 
bute  most  of  the  light  in  a  Gaussian  beam  exactly  onto 
the  object,  as  opposed  to  simply  expanding  a  Gaussian 
beam  to  provide  object  illumination. 

We  start  with  a  Gaussian  laser  beam  with  ampli¬ 
tude 

A(r)  -  A0  exp|-(r/«o)*l.  (Al) 

For  this  calculation  we  assume  that  we  want  to  opti¬ 
mally  illuminate  an  annulus18  with  radius  r0  and  width 
aro,  as  in  Fig.  10.  The  circular  symmetry  of  our  subject 
was  chosen  to  enable  a  simple  mathematical  solution  to 
the  problem.  If  the  laser  beam  is  expanded  to  have  a 
new  waist  radius  coi,  it  will  have  amplitude 


u)o  /  r  \21 

,  — exp  -  — 
(•))  («■.'! I J 


We  can  show  that  the  irradiance  at  radius  rj,  is  maxi¬ 
mized  if  we  expand  the  beam  so  that  wi  *  v  2r0,  which 
means  that  the  beam  is  expanded  to  have  an  irradiance 
at  radius  r„  equal  to  1/e  of  its  peak  (r  ■  0)  irradiance. 
Using  this  with  Eq.  (2)  yields  an  irradiance 

The  total  optical  power  falling  on  the  annulus  is  then 
P«*  J^"“/i<r»2Trdr.  (At) 

Since  the  total  power  in  the  laser  beam  is 


rrmn  ■  1 1  ~  “j  •  '•m.,  *  ’(.Jl  +  “j  '  «-*.) 

the  fraction  of  total  laser  power  used  for  illumination 
is 

,A81 

As  stated  earlier,  our  particular  redistribution  holo¬ 
gram  utilizes  the  laser  beam  out  to  the  radius  where  / 
*  /n;il,/exp<2).  The  fraction  of  the  beam  power  incident 
on  our  hologram  is.  therefore. 

P'  -  |1  -exp(-2)|  -  Sfin.  IA9) 
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Fig-  10.  General  object  to  be  illuminated. 
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Fig.  11.  Light  gain  when  using  one  redistribution  hologram. 
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Fig.  12.  Light  gain  when  using  two  redistribution  holograms. 


If  <Hir  hologram  has  diffraction  efficiency  c,  the  fraction 
of  light  arriving  at  the  redistributed  plane  is  Fi  =  0.86c. 
The  gain  in  light  intensity  with  our  new  method  is, 
therefore, 

G,  .  F,/f  >  O.Hfif/F.  (10) 

If  a  two-hologram  redistribution  system  is  used,  the 
gain  becomes 

G,  »  0.86tVF.  (ID 

These  two  gains  are  plotted  in  Figs.  1 1  and  12  with  a  as 
a  parameter.  We  see  that  for  high  efficiency  holograms 
and  sparse  objects  («  <  0.1),  the  gain  can  be  greater  than 
a  factor  of  10. 
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1.  SPACE  VARIANT  OPERATIONS  IN  OPTICS 

A  coordinate  transformation  such  as  a  transformation  from  Carte¬ 
sian  to  polar  coordinates  represents  a  highly  space  variant  operation. 
Most  optical  systems,  however,  are  limited  to  space  invariant  pro¬ 
cessing.  Very  flexible  optical  components  to  generate  more  general 
transformations,  especially  for  an  arbitrary  redistribution  of  light, 
can  be  achieved  by  using  multifacet  holographic  optical  elements 
(HOE).1-5  These  HOEs  consist  of  many  small  and  simple  subholo¬ 
grams  (e.g.,  holographic  gratings)  placed  next  to  each  other  on  a 
holographic  plate.  The  subholograms  ate  recorded  under  computer 
control,  which  allows  great  flexibility  in  the  production  of  the  HOEs. 
Each  of  the  subholograms  can  change  a  portion  of  a  large  illuminat¬ 
ing  wavefront.  The  change  can  consist,  for  example,  of  the  deflection 
or  focusing  of  various  portions  of  an  incident  plane  wavefront.  Since 
adjacent  subholograms  are  independent  of  each  other,  space  variant 
operations  become  possible  with  this  type  of  HOE.  In  addition, 
dichromated  gelatin  is  used  as  the  recording  material  to  achieve  very 
high  diffraction  efficiency  for  the  elements.1  This  method  allows, 
therefore,  a  synthesis  of  operations  with  high  light  efficiency  which  is 
generally  not  possible  by  conventional  optics.4  We  should  mention 
that  another  approach  to  the  problem  of  optical  space  variant  opera¬ 
tions  by  spatial  filtering  is  described  by  Bryngdahl.1  His  method  uses 
computer-generated  gratings  and  a  spatially  modulated  object. 

2.  MULTIFACET  OPTICAL  ELEMENTS 

In  this  section,  we  describe  the  production  of  multifacet  holographic 
optical  elements.  The  fabrication  begins  by  mentally  subdividing  the 
holographic  plate  surface  into  numerous  small  adjacent  areas  or 
facets.  Each  facet  or  subhologram  is  separately  recorded  by  interfer¬ 
ing  relatively  simple  wavefronts  such  as  plane  or  spherical  waves.  For 
simplicity,  we  will  restrict  ourselves  in  the  following  description  to 
the  case  of  plane  waves. 
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In  our  setup,  a  flexible,  stationary  mask  containing  a  small, 
square,  open  aperture  contacts  the  holographic  film  to  allow  expo¬ 
sure  of  one  facet  at  one  time  (see  Fig.  I).  Before  recording,  a  pre¬ 
scribed  area  on  the  holographic  plate  is  placed  behind  the  mask 
opening  via  computer-controlled  stepping  stages.  A  mirror  is  also 
rotated  under  computer  control  so  as  to  deflect  the  object  wave  at  the 
appropriate  angle  for  recording  this  facet.  Exposure  of  the  facet  with 
the  object  crave  and  a  plane  reference  wave  (which  is  the  same  for 
each  facet)  occurs  under  computer  control.  This  process  is  repeated 
sequentially  until  all  subareas  on  the  hologram  have  been  exposed. 

After  development,  all  facets  of  the  holographic  plate  are  simul¬ 
taneously  illuminated  by  a  large  reference  wave.  The  reconstruction  of 
each  subhologram  produces  a  plane  wave  of  small  area  with  a  pre¬ 
scribed  output  direction  (see  Fig.  2).  A  rearranged  light  distribution 
then  appears  in  the  near  field  behind  the  holographic  plate.  The  light  in 
this  output  plane  consists  of  blocks  or  patches  of  light  which  originated 
from  different  spatial  locations  in  the  input  plane  (Fig.  2).  An  input 
transparency  placed  in  contact  with  the  hologram  will  be  sampled  by 
the  hologram  facets  and  have  its  pixel  information  spatially  rear¬ 
ranged  when  it  arrives  at  the  output  plane,  thus  producing,  in  our  case, 
a  coordinate  transformation  on  the  input  information. 

To  achieve  greatest  accuracy  in  our  transformations,  the  number  of 
facets  should  be  as  large  as  possible.  Since  our  holographic  plate  has 
finite  sue,  we  therefore  endeavor  to  make  the  facets  as  small  as 
possible.  As  the  facets  become  smaller,  however.  Fresnel  diffraction 
from  the  small  aperture  becomes  increasingly  problematic.  Although 
our  output  plane  is  currently  in  the  Fresnel  region  behind  our  holo¬ 
gram,  further  reduction  of  the  facet  size  would  place  us  in  the  Fraun¬ 
hofer  region,  where  it  is  easier  to  calculate  achievable  resolution  and 
maximum  sampling  densities.  Assuming  Fraunhofer  diffraction,  a 
facet  of  size  AxF  gives  a  diffraction  pattern  at  distance  d  of 
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where  K  represents  wavelength  and  xR  is  the  output  plane  coordinate. 
Decreasing  the  size  of  facets  for  high  resolution  in  the  hologram  plane 
results  therefore  in  a  larger  diffraction  spot  Ax>  in  the  output  plane. 

Optimum  resolution  for  both  planes 
diffraction  spot  are  of  equal  size: 

is  assumed  if  the  facet  and 

2kd 
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A  similar  result  can  be  obtained  using  a  para  geometrical  analysis  of 
Fresnel  diffraction*  As  an  example  [from  (Eq.  3)J,  we  get.  for  a 
reconstruction  distance  of  d  -  20  cm  with  X  =  488  nm,  maximum 
resolution  when  AxF  =  0.44  mm.  To  calculate  the  number  of  addres¬ 
sable  pixels  per  line  for  an  arbitrary  redistribution,  we  must  also 
consider  the  range  of  deflection  angles  Aar,  which  is  limited  by  practical 
considerations.  With  Aa  *  45°,  we  have  the  number  of  output  pixels 

dun  (4p) 

N  - - —  ■  *  188  .  (4) 

>/2Xd 


This  assumes  that  each  input  facet  must  be  able  to  address  each  output 
pixel  position.  This  worst-case  estimate  yields  as  the  possible  number 
of  facets  approximately  200  x  200  and  would  require  a  hologram  size 
of  ~9X9  cm.  For  most  redistributions,  the  spatial  positions  of  the 
facets  and  the  angular  deflection  required  from  them  will  be  such  that 
the  tout  number  of  pixels  can  be  larger.  Of  course,  different  geome¬ 
tries  and  different  maximum  deflection  angles  will  change  additionally 
the  above  estimates. 

The  basic  holograms  can  also  be  modified  to  change  the  charac¬ 
teristics  of  the  whole  optical  element.  Introducing  additional  lenses 
such  as  spherical  or  cylindrical  lenses  in  the  recording  beam  allows 
one  to  alter  the  facet  shape  between  the  hologram  and  reconstruc¬ 
tion  planes.  For  insunce,  by  using  a  cylindrical  lens  during  record¬ 
ing.  one  can  record  facets  whose  output  expands  in  one  direction 


(5) 


Rings  in  the  (x .  y)  plane  will  be  transformed  into  vertical  lines  in  the 
(r.0)  plane,  and  circle  segments  (wedges)  in  the  (x.y)  plane  into 
horizonui  tines  in  the  (r .  0)  plane  ( Fig.  3).  With  this  transformation, 
the  size  of  elementary'  area  elements  varies  with  radius  r.  That  is. 


dxdy  *  rdrdO  . 
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This  means  that,  ideally,  the  light  output  from  each  facet  in  the  ( ,x .  >  i 
plane  should  be  suitably  stretched  before  arriving  in  the  output 
plane.  For  our  first  coordinate  transformation  elements,  however, 
we  did  not  change  the  shape  of  the  facets  As  a  first  approach  we  built 
an  element  for  transformation  into  a  (</r .  0)  plane,  where  no  change 
in  elementary  area  size  occurs.  In  this  case  a):  rings  to  be  transformed 
into  one  vertical  line  in  the  ( </r .  0t  plane  cover  the  same  surface  area 
in  the  hologram  plane.  In  Fig.  4  we  show  the  output  from  the 
hologram  for  this  transformation  which  contains  8%  facets,  each 
I.7X  I.?  mm  in  size.  Successive  annular  zones,  each  containing  32 
facets,  are  mapped  into  one  vertical  line  ;n  the  output  plane.  For  this 
reason,  radial  resolution  is  low  for  smalt  radii,  and  fewer  radii  are 
resolved  in  comparison  to  the  method  described  in  the  next  para¬ 
graph.  The  output  light  has  been  photographed  in  several  different 
planes  between  the  hologram  and  output  planes  in  order  to  show  the 
gradual  redistribution  of  light  during  the  transformation. 
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COORDINATE  TRANSFORMATIONS  VIA  MULTtFACET  HOLOGRAPHIC  OPTICAL  ELEMENTS 


Fig.  4.  Output  from  a  hologram  tor  a  coordinate  transformation  from 
(a.  V)  coordinataa  into  (</r.  0)  coord  in  at aa  in  differ  ant  piano*  batwaon 
hologram  and  output  piano. 


Fig.  S.  Output  from  a  hologram  for  a  coordinate  transformation 
from  {x.yl  coordinataa  into  (r.  9)  coordinataa  in  different  planae 
between  hologram  end  output  piano. 


For  a  transformation  into  (r.fl)  coordinates,  rings  of  equal  dr- 
width  in  the  hologram  plane  are  displayed  as  successive  vertical  lines 
in  the  output  plane.  In  this  hologram  the  facet  outputs  were  not 
stretched,  but  were  simply  centered  at  the  proper  0  position  for  the 
facet  in  the  output  plane.  Because  of  the  fixed  size  of  the  facets,  the 
output  pixels  occasionally  overlap  or  show  dark  gaps  in  the  (r.0) 
plane.  In  Fig.  5  a  flying  light  picture  of  an  (x.y)  —  (r.0)  hologra¬ 
phic  element  with  823  facets  is  shown. 

It  is  possible  to  vary  the  shape  of  the  output  facets  by  introducing 
additional  focal  power  in  the  hologram.  Cylindrical  lenses  can  be  used 
to  change  the  elementary  plane  waves  into  proper  converging  or 
diverging  waves.  In  this  manner  overlapping  or  gaps  in  the  output 
plane  are  removed  and  resolution  and  contrast  are  improved.  Figure  A 
demonstrates  this  effect  for  the  first  three  vertical  lines  in  the  (r.0) 
plane. 


Fig.  6.  Light  from  a  hologram  with  varying  shape  of  output  ptxaU: 
(a)  hologram  plana  (shown  enlarged);  (b)  output  plana. 


4.  EXPERIMENTAL  RESULTS 

In  the  following  we  will  show  some  examples  of  transformations. 
Object  transparencies  were  placed  in  contact  with  the  holographic 
elements,  which  were  about  55  mm  in  diameter.  Argon  laser  illumi¬ 
nation  at  K  «  488  nm  was  used.  The  holograms  were  recorded  at  the 
same  wavelength  in  dichromated  gelatin  for  high  diffraction  effi¬ 
ciency  (>90%).  The  output  plane  is  located  a  distance  d  =  200  mm 


after  the  hologram  plane. 

The  holographic  element  shown  in  Fig.  4  was  designed  to  resolve 
8  different  radii  and  16  different  angles.  The  element  in  Fig.  5  has  a 
resolution  of  16  radii  and  a  varying  resolution  of  ngles  between  4 
and  24 depending  on  radius.  In  Figs.  7-11  the  H<  r  irom  Fig.  5  was 
applied  to  different  object  patterns.  In  the  figures  the  input  transpar¬ 
ency  used  is  shown  on  the  left  and  the  resulting  output  light  distribu- 
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Pig.  7.  Ring  object  and  transformation. 


output 


Fig.  B.  Circle  segment  (wedge)  object  and  transformation. 


Fig.  9.  Una  object  and  tranaformation. 


tion  is  shown  on  (he  right. 

Figures  7  and  8  show  how  rings  and  circle  segments  (wedges)  are 
converted  into  lines.  The  thick  line  input  object  in  Fig.  9  results  in 
two  cone-shaped  distributions  in  the  (r.0)  plane  due  to  the  varying 
angular  width  of  the  object  with  radius.  A  center  symmetric  object 
was  used  in  Fig.  10.  Such  transforms  could  be  useful  for  rotation- 
invariant  pattern  recognition.  A  shift  of  the  object  results  in  the 
modified  output  shown  in  Fig.  II.  It  should  be  mentioned  that 
gray-level  pictures  can  be  transformed  in  the  same  manner. 


OUTHjT 


Fig.  10.  Circular  symmetric  object  and  tranaformation. 


Fig.  1 1 .  Shifted  circular  symmetric  object  and  tranaformation. 


5.  CONCLUSIONS 

We  have  shown  that  multifacet  optical  elements  can  be  used  to 
perform  space  variant  operations  such  as  coordinate  transforma¬ 
tions.  They  combine  high  flexibility  with  high  light  efficiency  when 
recorded  in  dichromated  gelatin.  The  transformation  from  Cartesian 
to  polar  coordinates  can  be  applied  for  detection  of  circular  symmet¬ 
ric  objects  or  for  centering  parts.  In  general,  with  multifacet  optical 
elements  other  types  of  coordinate  transformations  or  optical  map¬ 
pings  can  be  implemented. 
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